Holographic storage and multiplexing in azopolyester blends using low energy pulses down to 2 ms by Berges, Cristina et al.
Holographic storage and multiplexing in azopolyester blends using low
energy pulses down to 2ms
C. Berges,1 I. Javakhishvili,2 S. Hvilsted,2 C. Sanchez-Somolinos,1 and R. Alcala1,a)
1Departamento de Fısica de la Materia Condensada, Instituto de Ciencia de Materiales de Aragon (ICMA),
CSIC-Universidad de Zaragoza, C/Pedro Cerbuna 12, 50009 Zaragoza, Spain
2Department of Chemical and Biochemical Engineering, Danish Polymer Centre, Technical University
of Denmark, Building 227, DK-2800 Kgs. Lyngby, Denmark
(Received 15 January 2013; accepted 1 May 2013; published online 14 May 2013)
Three different blends containing side-chain azobenzene polyesters and poly(methyl methacrylate)
homopolymers have been prepared for recording volume holographic polarization gratings using
488 nm light pulses. The final azo content in the blends has been decreased down to 0.2wt.%, and
their morphologies have been investigated by transmission electron microscopy. Stable and
rewritable polarization gratings have been recorded, and 20 gratings have been multiplexed using
2ms pulses of low energy (4 mJ/cm2). The equilibrium values of the diffraction efficiency were
higher than 5 105.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4805076]
In recent decades, polymers containing azobenzene
chromophores have been investigated as promising photo-
controllable materials.1–4 Under irradiation with polarized
light in the absorption region of the azo units (visible and
UV), a preferential orientation of these units perpendicular
to the polarization vector of the incident light can be induced
due to the trans-cis-trans photoisomerizations of the azoben-
zenes. This generates optical anisotropy in polymers, which
is appealing for several applications. One of these applica-
tions is holographic data storage that provides high values of
data storage capacity and fast information transfer rates.5–9
Side-chain liquid crystalline (LC) azopolyester homo-
polymers have been widely investigated in the last years as
promising holographic storage materials. The photo-
induction of stable anisotropy and holographic polarization
gratings has been reported.10 High values of birefringence
(0.3) and dichroism (0.8) has been achieved under continu-
ous light excitation. Besides, high efficiency diffraction gra-
tings have been recorded in these materials.11–15
Most of the holographic studies in azopolymers have
been performed on thin films (up to several microns) due to
the high optical absorption of azobenzene containing poly-
mers at the recording wavelength that limits light penetration
through the film. However, a great increase in storage
capacity can be obtained by means of volume holography
that usually needs thicker films (up to hundreds of microns).
The way to increase light penetration is to reduce azoben-
zene content. In this context, several groups have investi-
gated holographic storage in films of block copolymers
(BCs) as well as in blends of BCs and a homopolymer that
does not absorb light at the recording wavelength.16–25
Thus, H€ackel et al.22 have been able to store a stable
holographic grating in 10 lm thick films of a diBC contain-
ing azobenzene in one of the blocks. Due to microphase sep-
aration of the blocks, no surface relief gratings, that are
deleterious for volume holographic storage, were created.
The same group has studied the multiplexing of holographic
gratings in thick films (1.1mm) of blends containing an
azobenzene block copolymer. Up to 20 holograms with gra-
ting efficiencies higher than 105 were multiplexed but using
long writing times (of the order of seconds) and high energy
density (10 J/cm2).23,24 Diffraction efficiencies above 105
and writing times in the ms range (or below) have been sug-
gested as appropriate for holographic storage.26
In some previous papers,25,27 we have studied blends
consisting of an azomethacrylic diBC and poly(methyl meth-
acrylate) (PMMA) homopolymer containing 1wt.% azoben-
zene. It was demonstrated that up to 20 stable holographic
polarization gratings were multiplexed in a 500 lm thick
film by irradiating with light pulses down to 10ms, achieving
diffraction efficiencies higher than 105.
With the goal of improving holographic storage by
reducing recording pulse duration and energy while keeping
diffraction efficiency and multiplexing capability, we have
extended our studies to other polymers containing azopo-
lyester units. Thus, two BCs containing an azopolyester
block and a PMMA non-absorbing block have been synthe-
sized with the purpose of lowering the wt.% azobenzene
content in polyester compounds, while maintaining the azo-
azo molecular interactions.28 However, the achieved photo-
induced birefringence and dichroism when irradiating with
linearly polarized 488 nm light were unstable and lower than
those corresponding to the azopolyester homopolymer in the
two BCs. This was attributed to the lack of microstructure in
one of the BCs and to the small size of the azobenzene nano-
spheres (15–20 nm) in the other one. Using blends of the
latter BC with an azopolyester homopolymer, we have dem-
onstrated that when adding a sufficiently high amount of the
azopolyester, the photo-induced optical response of the BC
was improved. However, a macrophase separation of azopo-
lyester domains (size up to 500 nm) was observed, together
with the nanospheres corresponding to the BC. Because of
the big size of some of these domains, visible light scattering
was observed. Besides, the azo content of these blends was
too high to be used in volume holographic storage.
Trying to reduce the azobenzene content as well as the
size of the azo domains, a ternary blend containing the BC,
the azopolyester homopolymer, and a PMMA homopolymera)Electronic mail: ralcala@unizar.es
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having a similar molecular weight ( Mn¼ 30 000 g/mol) as
that of the PMMA forming the BC, was prepared. The final
azo content in this ternary blend was lowered down to
0.2wt.% (blend 1). Besides, two other binary blends (with
the same azobenzene content) composed by the azopolyester
homopolymer and PMMA homopolymers of Mn¼ 30 000 g/
mol (blend 2) and Mn¼ 90 000 g/mol (blend 3) were also pre-
pared. In the present paper, we report on the recording and
multiplexing of holographic polarization gratings in thick
films of these blends using 488 nm light pulses down to 2ms
and low energy density (4 mJ/cm2).
The BC containing a PMMA block and an azobenzene
polyester block has been synthesized by “click” chemistry
coupling of the preformed blocks, which in turn were
obtained by Atom Transfer Radical Polymerization (ATRP)
and polycondensation, respectively. The azopolyester homo-
polymer used for the preparation of blend 1 (see below)
was also obtained by polycondensation ( Mn¼ 6600 g/mol,
Polydispersity Index (PDI): 1.85). The structures of the BC
and the azopolyester homopolymer are shown in Fig. 1.
Details of the synthesis and characterization of the BC and
the azopolyester homopolymer are reported elsewhere.28 A
PMMA homopolymer ( Mn¼ 30 000 g/mol) was also used to
prepare blend 1. This blend is composed of 0.38wt.% of the
BC, 0.16wt.% of the azopolyester homopolymer, and
99.46wt.% of the PMMA homopolymer. The azobenzene
content of blend 1 is 0.2wt.%, with 0.04wt.% of the total
azo content coming from the BC and 0.16wt.% from
the azobenzene polyester. Since most of the azo content of
blend 1 comes from the added azopolyester homopolymer,
other two blends (2 and 3) also containing 0.2wt.% azoben-
zene were prepared for comparison. These binary blends
are obtained by simply mixing the azopolyester homopoly-
mer with two PMMA homopolymers ( Mn¼ 30 000 g/mol
and Mn¼ 90 000 g/mol). All the blends were prepared in the
same way by dissolving the corresponding amounts of the
different components in dichloromethane, filtering the solu-
tion with Teflon filters (0.2 lm pore size), and evaporating
the solvent at room temperature (RT).
Thick films (about 500 lm) were prepared by first press-
ing blend powder into pellets at 200 C under vacuum
(to eliminate air bubbles) and cooling it down to RT. A piece
of the obtained pellet was then sandwiched at 200 C
between two glass plates using spacers to get the desired
thickness. The optical density (OD) of these thick films at
488 nm was about 0.25 for all the blends (measured with a
Varian Cary 500 UV-visible-IR). This allows a good pene-
tration of the 488 nm light through the complete film (0.56 of
the incident light intensity goes through the film). Before
performing holographic storage measurements, all the films
were heated up to 80 C (above the isotropic phase transition
temperature of the polyester) for 1 min and rapidly quenched
by cooling to RT.
Holographic polarization gratings have been recorded in
the 500 lm thick films of the blends by irradiation with two
oppositely circularly polarized 488 nm light beams from an
Arþ laser creating the interference polarization pattern. The
experimental set-up has been given elsewhere.16 Light pulses
were obtained with a light shutter (Uniblitz model VMM-
T1) that can provide pulses with lengths down to 2ms. The
angle between the two beams was about 6 giving place to a
diffraction grating period of about 2.5 lm. Diffraction effi-
ciency of the recorded gratings was measured using a circu-
larly polarized beam from a He-Ne laser at 633 nm incident
at the Bragg angle and a Si photodetector to characterize the
0th and þ1st orders. Multiplexing experiments were per-
formed by rotating the film around an axis perpendicular to
the incidence plane of the 488 nm light.
Samples for transmission electron microscopy (TEM)
were obtained from the same blends as the films used for
holographic measurements. Slices of about 100 nm thick
were cut from those blends (using a Leica ultramicrotome
EM UC6 equipped with a Diatome Ultra 35 diamond knife)
and picked up on carbon coated copper grids. The slices
were exposed to RuO4 vapor that preferentially stains azo-
benzene aromatic rings.29 TEM was measured using a
JEOL-2000 FXIII transmission electron microscope. In the
micrographs, black regions correspond to the azobenzene
domains stained with RuO4 and white regions correspond to
the PMMA matrix.
As said above, a reduction of both light absorption and
scattering with respect to those of the blends reported in
Ref. 28 is required for volume holographic storage. This has
been achieved by making blends 1, 2, and 3 with an
FIG. 1. Chemical structure of the azopo-
lyester homopolymer (a) and BC (b) used
for preparation of the studied blends.
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azobenzene content of 0.2 wt.%. The morphology of these
blends was investigated by TEM. Similar microstructure was
observed in the three blends. As an example, we give in Fig.
2 a micrograph corresponding to blend 3. A macrophase sep-
aration was still observed but the azobenzene domain size
decreased (size up to 150 nm). Because of this, visible light
scattering became much lower and good optical quality films
were obtained.
The recording of holographic polarization gratings in
the Bragg regime has been investigated in thick films
(500 lm) of these blends. As for morphological studies, the
results are similar for the three blends. From a practical point
of view, preparation of blend 1 involves polymers that are
more laborious to synthesize than simpler homopolymers
employed in blends 2 and 3. Besides, due to the different Mn
values of the PMMA homopolymers used in these last two
blends, films prepared from blend 2 are more brittle than
those of blend 3. Because of this, we have focused our dis-
cussion on blend 3.
It is known that the photoinduced response of LC azopo-
lyester polymers is very sensitive to different storage condi-
tions. In particular, thermal treatments as well as blue and
red light illuminations can modify that response in a signifi-
cant way.13–15,30–32 We have tried several conditions, and
selected those that give high and stable values for the dif-
fracted intensity of volume holographic gratings. After an
initial annealing of the films at 80 C for 1 min, they were
irradiated for 5 s with a single circularly polarized 488 nm
light beam (2W/cm2) to erase any previously stored infor-
mation. It has been found that reproducible results are
obtained after this irradiation.
In the first experiments, holographic gratings were
recorded using a light pulse of 10ms and an energy density
of 20 mJ/cm2 in each of the beams. The recording pulse was
shot 5 s after the irradiation with the single 488 nm light
beam was switched off. From the beginning of irradiation
and all along the experiment films were illuminated with a
circularly polarized He-Ne laser beam (633 nm and power
density of 1W/cm2) used to measure the diffraction effi-
ciency of the photoinduced grating. Time evolution of this
diffracted efficiency is given in Fig. 3. It shows a fast
increase to a value about 1.5 102 in approximately 10min
after the recording pulse. Then it keeps growing slowly, satu-
rates at about 1.7 102 in 300min, and remains stable.
This efficiency is two orders of magnitude higher than that
previously found in a 1wt.% azobenzene blend containing
an azomethacrylic BC and a PMMA homopolymer, under
similar recording conditions.27
Holographic polarization gratings have also been
recorded in blend 3 using a 2ms pulse. The other irradiation
conditions were the same as those used with the 10ms pulse
experiments. Time evolution of the diffraction efficiency dur-
ing 300min after the light pulse is similar to that of the 10ms
light pulse but the final efficiency is about 5 103. On the
other hand, angular multiplexing of up to 20 gratings has
been investigated. In this case, (see Fig. 4) the reported
results were achieved using 2ms, 4 mJ/cm2 488 nm light
pulses and a He-Ne laser power density of 100 mW/cm2. The
gratings recorded in these conditions were stable and the dif-
fraction efficiency was similar for all of them and higher than
5 105. Besides, those films were rewritable. Reproducible
results were obtained after erasing the recorded gratings with
a single circularly polarized 488 nm light beam.
Finally, we have studied the angular selectivity of the
Bragg polarization grating after stabilization of the
FIG. 2. TEM micrograph corresponding to blend 3. The size of the white
bar is 500 nm. Black dots correspond to azobenzene domains.
FIG. 3. Time evolution of the diffraction efficiency of a polarization grating
stored in a thick film of blend 3 (500lm) with one 10ms, 20 mJ/cm2 pulse
of 488 nm light.
FIG. 4. Equilibrium values of diffraction efficiencies of 20 multiplexed
gratings in a thick film of blend 3 using 488 nm light pulses (2ms and
4 mJ/cm2).
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diffraction efficiency induced with one 2ms light pulse. The
diffraction efficiency as a function of the rotation angle
around an axis perpendicular to the incident plane of 488 nm
light is shown in Fig. 5. As the Bragg angle was detuned,
diffraction efficiency decreased to almost zero and then,
successive side lobes of decreasing diffraction efficiency,
characteristic of Bragg volume gratings, appeared. The angu-
lar selectivity was measured as the half width of the dif-
fracted band, giving a value of 0.5 for the two irradiation
conditions.
In conclusion, the recording of volume holographic
polarization gratings has been investigated in three azopo-
lyester containing blends: A ternary blend consisting of an
azopolyester-PMMA BC, an azopolyester homopolymer,
and a PMMA homopolymer, and two binary blends consist-
ing of the same azopolyester homopolymer and two PMMA
homopolymers of different molecular weight. In the three
blends, the final azobenzene content was reduced down to
0.2wt.%. Azobenzene domains with sizes smaller than
150 nm have been observed. With these blends, good optical
quality thick films (500 lm) have been prepared.
Volume holographic polarization gratings have been
stored in these films using short and low energy 488 nm light
pulses (down to 2ms and 4 mJ/cm2, respectively). Final sta-
ble diffraction efficiency of 5  103 can be achieved with
light pulses of 2ms. This efficiency is an order of magnitude
higher than the best previously reported for azomethacrylic
blends with higher azobenzene content (1wt.%) and using
light pulses of 10ms and higher energy density (50 mJ/cm2).
Up to 20 holographic polarization gratings have been
multiplexed in 500 lm thick films of these blends by using
488 nm light pulses of 2ms and 4 mJ/cm2. Equilibrium val-
ues of the diffraction efficiencies higher than 5  105 were
achieved in all the gratings. These results show a clear
improvement (shorter pulse length, lower energy, and higher
diffraction efficiency) with respect to the results previously
reported in the literature.
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